Retrieving the names of friends, loved ones, and famous people is a fundamental human ability. This ability depends on the left anterior temporal lobe (ATL), where lesions can be associated with impaired naming of people regardless of modality (e.g., picture or voice). This finding has led to the idea that the left ATL is a modality-independent convergence region for proper naming. Hypotheses for how proper-name dispositions are organized within the left ATL include both a single modality-independent (heteromodal) convergence region and spatially discrete modality-dependent (unimodal) regions. Here we show direct electrophysiologic evidence that the left ATL is heteromodal for proper-name retrieval. Using intracranial recordings placed directly on the surface of the left ATL in human subjects, we demonstrate nearly identical responses to picture and voice stimuli of famous U.S. politicians during a naming task. Our results demonstrate convergent and robust large-scale neurophysiologic responses to picture and voice naming in the human left ATL. This finding supports the idea of heteromodal (i.e., transmodal) dispositions for proper naming in the left ATL.
Introduction
Numerous studies have demonstrated a crucial role for the left anterior temporal lobe (ATL) in proper naming (Damasio et al., 1996) . The deficit associated with left ATL lesions is specific to proper naming (Damasio et al., 1996) and occurs regardless of input modality (Belfi and Tranel, 2014) , but is dissociated from conceptual knowledge retrieval (Tranel et al., 1997) . For example, a patient may lose the ability to name famous persons from pictures or voices, but retain normal recognition of those persons and normal ability to name nonunique entities, such as tools. This has prompted the hypothesis that the left ATL functions as a convergence region for proper-name retrieval (Damasio et al., 2004) . Per this theory, visual and auditory representations of proper nouns (i.e., unique entities) activate shared cortex within the left ATL and activate a common circuit for proper-name retrieval. An alternative hypothesis is that transmodal ATLassociated naming deficits occur secondary to dysfunction of the semantic network and are not dissociated from conceptual knowledge retrieval (Lambon Ralph, 2014) . Transmodal convergence of auditory and visual pathways in the left ATL is supported by nonhuman primate studies showing visual input to the ventral ATL and auditory input to the dorsal ATL (Morán et al., 1987) and human magnetic resonance (MR) tractography studies showing graded convergence of visual and auditory inputs to the ATL (Binney et al., 2012) .
Although left ATL lesions are known to cause transmodal deficits (e.g., impaired visual and auditory proper naming), there is an active debate regarding the neurophysiologic basis for transmodal naming deficits (Skipper et al., 2011; Belfi and Tranel, 2014; Lambon Ralph, 2014) . One possibility is that the left ATL contains spatially segregated cortex that has unimodal response properties and that acts as an intermediary for modality-specific name retrieval. Another hypothesis is that the left ATL contains cortex with heteromodal (i.e., transmodal) response characteristics, which activate congruously for visual and auditory naming, as a single intermediary for modality-independent name retrieval. Limitations inherent to functional neuroimaging and lesion approaches make studying the neurophysiology of naming in the ATL difficult (Ojemann et al., 1997; Devlin et al., 2000) . Because of these methodological limitations, the unimodalversus-heteromodal nature of neural representations within the left ATL are poorly understood and evidence exists for To evaluate this hypothesis, we studied electrocorticographic (ECoG) recordings from the left ATL in patients with intracranial electrodes placed for seizure localization. Using a recently developed electrode array designed for dense coverage of the human ATL , we recorded the electrophysiologic correlates of picture and voice proper naming in the left ATL. Given the heteromodal nature of proper-naming deficits associated with left ATL lesions and the convergence of visual and auditory inputs to the left ATL, we evaluated the hypothesis that cortex in the left ATL would demonstrate heteromodal responses for visual and auditory proper naming.
Materials and Methods
Participants. ECoG recordings were obtained from the left hemisphere of three neurosurgical patients (all males; ages 39, 50, and 51 years; Table 1) undergoing intracranial monitoring for seizure focus localization. Written informed consent was obtained from each subject. The research protocol was approved by the University of Iowa Human Subjects Review Board.
All participants underwent preoperative neuropsychological evaluation (Table 2) . Two subjects were right-handed (Subject L242 was lefthanded), but all three subjects demonstrated left language lateralization by Wada testing (Wada and Rasmussen, 2007) . All subjects were of normal intelligence. Subjects L242 and L258 exhibited subtle preoperative naming deficits that did not impact their ability to participate in this study. All subjects had interictal discharges recorded from the ATL and subject L206 had ictal epileptiform activity arising from the ATL, but there was no indication that these epileptiform abnormalities impacted experimental naming-task performance (see Results).
Electrode implantation. Dense coverage of the ATL was achieved using a standard anteromedial strip electrode in conjunction with a custom electrode array (Ad Tech Medical) specialized to cover the convexity of temporopolar cortex ( Fig. 1a ; Abel et al., 2014) . Intracranial electrodes were placed using a standard left frontotemporal craniotomy in all subjects (Fig. 1b) . Each subject also had placement of electrodes over posterior fusiform gyrus (pFG) and superior temporal gyrus (STG), which varied in density depending on the clinical need for electrode coverage. Each subject underwent whole-brain MRI and CT scanning before electrode implantation. To localize electrodes on each subject's 3D-rendered brain MR, high-resolution T1-weighted structural MRIs (in-plane resolution, 0.78 ϫ 0.78 ϫ 1.0 mm) were obtained both before and after electrode implantation. Preimplantation and postimplantation MRIs were coregistered using a 3D rigid fusion algorithm (Analyze version 8.1 software, Mayo Clinic). Coordinates for each electrode contact obtained from postimplantation MRI volumes were transferred to preimplantation MRI volumes.
Task. Subjects performed naming of U.S. presidents (i.e., proper nouns) by their pictures and voices in separate blocks. To elicit physiologic responses relevant to our main hypothesis, unique concrete entities were chosen for the experimental naming tasks. Picture stimuli consisted of 150 pictures of Barack Obama, Bill Clinton, and George W. Bush (50 unique pictures for each president). Pictures showed each president from various angles and in different contexts. Pictures were obtained from the Internet and did not contain any text. Voice stimuli consisted of 150 different 1.5 s voice clips of Barack Obama, Bill Clinton, and George W. Bush (50 unique voice clips for each president) obtained from speech or interview clips downloaded from the Internet.
Stimulus randomization and presentation were performed with Presentation Software (version 14.9, www.neurobs.com) . Visual stimuli were presented on a computer monitor placed ϳ1 m from the subject's face. Voice stimuli were presented at a comfortable volume (as determined by each subject) via insert earphones embedded in custom-made earmolds. Pictures were presented for 1 s and voice clips were presented for 1.5 s. Voice stimuli were presented for longer because voices typically take longer to identify than pictures (González et al., 2011) . In the case of visual stimuli, the picture was replaced by a red cross that turned green 1 s after picture offset (2 s after beginning of trial; Fig. 1c) prompting the patient to verbally respond with the name of the picture. For voice naming, a red cross was present on the computer monitor during sound presentation until 1 s following the stimulus. This cross turned green 2.5 s after stimulus onset and cued the subject to overtly name the person speaking. A microphone located near the subject recorded each verbal response and triggered the next stimulus, resulting in a variable intertrial interval (but not Ͻ1 s).
Control experiments were performed in separate blocks in the same subjects. These experiments were performed as part of different research projects (Tsuchiya et al., 2008; Nourski et al., 2014) , but were used as post hoc controls given their use as simple face and voice stimuli. For the face control task, faces with neutral expressions were presented for 500 ms among other visual stimuli and subjects were asked to perform a target detection task (press a button when a fixation cross changed color or when a single visual category was presented sequentially). For the voice control task, subjects were presented with speech syllables (/aba/ and /ada/; approximate duration, 500 ms) in a two-alternative forced-choice stimulus identification task.
Recording. ECoG signals were recorded continuously, amplified, filtered (1-1000 Hz bandpass, 12 dB/octave rolloff), digitized at a sampling rate of 2034 Hz, and stored for subsequent offline analysis. Data were downsampled to 1000 Hz, filtered to remove 60 Hz line noise and its harmonics, and segmented into 4 s trial epochs, from Ϫ1 to 3 s relative to stimulus onset.
Time-frequency analysis was implemented using two methods. For visualization (Fig. 2) , multitaper spectral analysis (Thomson, 1982) was performed (150 ms window, 50 ms step size, three tapers). For statistical analysis comparing conditions of interest, event-related band power (ERBP) in the beta band (14 -30 Hz, obtained from the ECoG signal using 100-order finite impulse response filter) was calculated relative to a 500 ms prestimulus baseline (Ϫ800 to Ϫ300 ms before the onset of each trial). This frequency range was selected based on spectral profiles of all recording sites on the ATL (see Fig. 4 ), which demonstrated robust power change in low frequencies during both naming tasks.
To assess responsivity, average beta or high-gamma (75-150 Hz) ERBP in a 1 s window (300 -1300 ms poststimulus onset) from each anatomically defined site was compared with prestimulus baseline activity with a one-tailed t test, corrected for multiple comparisons using false discovery rate criterion (Benjamini and Hochberg, 1995) , with significance threshold set to q ϭ 0.01. To determine possible response in visual and auditory control experiments, analysis time windows were adjusted to 200 -900 and 300 -800 ms poststimulus for the face and voice control experiment, respectively, and significance threshold set to q ϭ 0.01.
Results

Behavioral performance
The accuracy of voice and picture naming was determined for each subject. Across all subjects, the overall accuracy of picture naming was 91.7% and overall accuracy of voice naming was 81.0%. Subject L206 correctly named 87.5% of pictures and 80.6% of voices. Subject L242 correctly named 88.9% of pictures and 69.2% of voices. Subject L258 correctly named 98.7% of pictures and 93.3% of voices. For the picture-naming task, most errors consisted of either the response "don't know" or response omission (i.e., a skipped trial). For the voice-naming task, most error responses were "don't know," and there were also a number of substitution errors (Bill Clinton for George Bush and vice versa). ECoG data from trials associated with incorrect responses were excluded from subsequent analysis.
Responses to picture and voice naming
Picture and voice stimuli used in the naming task elicited robust responses within the pFG and STG, respectively (Fig. 2) , consistent with the pattern of predominantly unimodal activation of these brain regions. ERBP analysis demonstrated that this unimodal stimulus-induced increase in activity was mostly confined to gamma (30 -70 Hz) and high gamma (70 -150 ECoG frequency bands; Fig. 2, X, Y) . In contrast, both pictures and voices of famous persons induced responses within the left ATL during the naming task (Fig. 2, Z) . Further, time-frequency analysis revealed that this heteromodal activation of the ATL had a later latency compared with responses from unimodal areas, and the observed changes in ECoG power were confined to lower frequencies.
To compare the spectral profiles of responses between unimodal and heteromodal cortices, ERBP measured from 0 to 2 s after stimulus onset was averaged across all sites within the three anatomical regions of interest (pFG, STG, and ATL; Fig. 3 ) and plotted as a function of ECoG frequency for each region and task (Fig. 4) . Responses from pFG and STG to pictures and voices, respectively, were characterized by increases in gamma and highgamma power with concomitant attenuation of power in lowerfrequency bands and below]. In contrast, responses from the left ATL were characterized by task-related power increases at lower frequencies that were maximal in the beta band. ATL sites did not exhibit increases in high gamma as is frequently observed when other brain regions are activated ( 
Spatial distribution, temporal characteristics, and task specificity of naming responses
To evaluate the spatial extent of ATL responses, power changes in the beta band measured from 300 to 1300 ms following stimulus onset were evaluated for statistical significance. The beta ECoG band was selected for analysis since it is a classically described frequency band that best corresponds to the spectral profile of ERBP measured from the left ATL in our experiments ( Fig. 4 ; Pfurtscheller et al., 1997). The time window for statistical analysis was selected based on qualitative analysis of the time-frequency characteristics of responses as exemplified above (Fig. 2) . Cortical sites that exhibited significant (q Ͻ 0.01) responses for picturenaming, voice-naming, or both picture-naming and voice- Sites within the three anatomical regions of interest (pFG, STG, and ATL, shown by red, green, and blue circles, respectively) in the three experimental subjects. Open circles denote electrode sites that were beyond the regions of interest; data from these sites were excluded from the analyses.
naming tasks are shown in Figure 5 . These direct recordings reveal a complex tessellated pattern of functional organization with half of the cortical sites processing both auditory and visual naming information, while many immediately adjacent sites respond to only one sensory modality. A large proportion of responsive cortical sites included the ventrolateral ATL. In two subjects (L206 and L242; Fig. 5 ), sites that were selectively active during picture naming were confined to the ventromedial aspect of the ATL, while voice-selective sites were located more laterally.
The timing of heteromodal neural responses within the left ATL is illustrated in the bottom panels of Figure 5 for three representative sites. The onset of the earliest beta-band ERBP increases were observed 300 ms following picture or voice presentation and reached maximal response magnitude within 1 s. Naming in response to a voice stimulus was typically associated with a more prolonged power increase than was observed in response to pictures (data not shown).
The spatial distribution of significant responses in the highgamma band was assessed for both picture-naming and voicenaming tasks (Fig. 6) . The picture-naming task elicited significant high-gamma responses in pFG in all subjects. Conversely, voice naming elicited significant high-gamma responses in STG in all subjects. Both picture-naming and voice-naming tasks resulted in significant responses from the ATL. However, no ATL cortex sites demonstrated a significant high-gamma response for both picturenaming and voice-naming tasks. There were sporadic heteromodal significant high-gamma responses in the posterolateral temporal lobe, which likely represent Wernicke's area (Miller et al., 2007) , and also pFG.
Next, we sought to determine whether the observed responses to picture and voice stimuli were specific for the naming task or reflected a more general sensory integration. To that end, we examined left ATL responses to visual stimuli (faces; Tsuchiya et al., 2008) in a target detection task and auditory (voice) stimuli in a phoneme identification task (Nourski et al., 2014) . In both control experiments, examination of ECoG power in the beta band (14 -30 Hz) failed to reveal significant activation (at q ϭ 0.01).
Discussion
Using dense intracranial electrode coverage, we observed robust electrophysiologic responses within the left ATL to pictures and voices of famous persons during a proper-naming task. During the naming task, picture and voice stimuli elicited nearly identical spectral response patterns at heteromodal cortical sites in the left ATL. This study provides the first electrophysiologic evidence to support the view that the left ATL contains a heteromodal hub (i.e., convergence region for retrieval of proper names; Tranel et al., 2005; Pobric et al., 2010a; Drane et al., 2013) . We found that cortical sites with heteromodal activation properties were surrounded by cortex with unimodal activation properties, consistent with the finding of graded convergence in the left ATL (Binney et al., 2012) . This is in contrast to the idea that proper-name retrieval within the left ATL occurs purely through spatially distinct neuronal populations that demonstrate modality selectivity Skipper et al., 2011) . The idea of heteromodal name retrieval is supported by lesion studies (Belfi and Tranel, 2014; Waldron et al., 2014) , transcranial magnetic stimulation studies (Pobric et al., 2010a) , and MR tractography connectivity data (Binney et al., 2012) , but direct electrophysiologic evidence for heteromodal responses of the left ATL during proper naming has not been described until now. Additionally, intracranial recordings have identified heteromodal cortex in nonunique visual and auditory naming tasks (Cervenka et al., 2013) . With evidence for both unimodal and heteromodal responses from the left ATL, this electrophysiologic study reconciles neuroimaging and lesion-based models that posit modality-dependent left ATL subregions with those promoting modalityindependent (i.e., heteromodal) dispositions for naming in the left ATL (Damasio et al., 2004; Lambon Ralph, 2014) .
We found that picture-naming and voice-naming stimuli resulted in increased power in the sub-50 Hz frequency range in the left ATL. The spectral profile of power increases to propernaming stimuli in the left ATL spanned the classically described beta (14 -30 Hz) and, in part, the gamma (Ͼ30 Hz) ECoG frequency bands. Quantitative analyses of responses focused on the beta range, since it is a classically recognized ECoG frequency band that best corresponds to our spectral analysis (Fig. 4) . It is well recognized that low-frequency oscillations (typically Ͻ30 Hz) are ubiquitous throughout the brain, with different spectral components modulated by specific tasks (Pfurtscheller et al., 1997; Tallon-Baudry et al., 2001; Hermes et al., 2014) . The physiologic mechanism for the relatively low frequency power increases we see in the left ATL is not known, but it is possible that power alterations in this frequency range are driven by input from distant brain regions. Furthermore, the significance of lowfrequency oscillations in higher cognitive functions are unknown (Canolty and Knight, 2010). The finding of increased ECoG ERBP in the left ATL in a frequency distribution spanning both beta and gamma bands is surprising given previous ECoG lan- guage studies showing increased power at higher frequencies in classical language cortex (Towle et al., 2008; Miller et al., 2011) . If power changes predominately occur in the sub-50 Hz range in the left ATL, it is possible that some of the variability of prior ATL fMRI studies results from poor correlation between the BOLD signal and ECoG power at lower frequencies (Ojemann et al., 1997; Devlin et al., 2000) . A large number of factors have been shown previously to influence responses of the ATLs on BOLD fMRI (Devlin et al., 2000; Visser et al., 2010b) . The fMRI BOLD signal is thought to best correlate with high-gamma oscillations in multiple brain regions (Lachaux et al., 2007; Conner et al., 2011; Hermes et al., 2014) . In contrast, lower frequencies are not correlated as well to the BOLD signal and may also exhibit greater variability in BOLD signal correlation (Conner et al., 2011) . Therefore, based on the results of the present study, lack of BOLD signal change in the left ATL for some tasks may not truly reflect lack of neural activity in the ATL as was previously thought.
Our analysis of high-gamma responses from ATL, pFG, and STG cortex also demonstrate significant responses. Unsurprisingly, high-gamma responses from pFG and STG were unimodal for picture naming and voice naming, respectively, as previously described (Tsuchiya et al., 2008; Steinschneider et al., 2011) . Also as expected, we found heteromodal response sites on the posterolateral temporal lobe, which likely reflects Wernicke's area as previously described (Miller et al., 2011) . Interestingly, we observed heteromodal high-gamma responses from pFG, particularly in L206. Importantly, while we observed unimodal high-gamma responses from the ATL for both picture and voice naming, there were no heteromodal high-gamma response sites in the ATL, unlike what was observed for the beta rhythm.
Results from both PET (Gorno-Tempini et al., 1998; Grabowski et al., 2001 ) and fMRI (Visser et al., 2010a; Ross and Olson, 2012) functional neuroimaging studies have pointed to physiologic activation of the ATL during naming tasks. These functional neuroimaging results support neuropsychological (Damasio et al., 1996; Drane et al., 2013) and transcranial magnetic stimulation studies (Pobric et al., 2010a ) that demonstrate that the left ATL is important for proper-name retrieval. Our intracranial recordings demonstrate spatially broad responsivity of the left ATL during both picture and voice naming that emerged within 300 ms and peaked within 1 s following stimulus onset for both picture and voice stimuli. Approximately half of responsive sites (14 of 29 in three subjects) were responsive during both visual and auditory naming, which suggests that name retrieval within the left ATL (as seen in lesion studies) could be mediated by heteromodal cortex. This idea is consistent with Figure 5 . Spatial distribution of beta ERBP responses from the ATL. Sites that exhibited significant responses during picture naming and voice naming are shown in magenta and cyan, respectively. Open circles denote recording sites that were included in the analysis on anatomical grounds (Fig. 3) , but did not feature significant beta response to either stimulus. Half of responsive electrode sites exhibited a heteromodal response pattern (i.e., significant induced power for both picture and voice naming). The time course of beta ERBP responses during picture and voice naming is plotted for three representative heteromodal sites (dashed circles) in magenta and cyan, respectively. Thick lines and shaded areas represent mean ERBP across ECoG frequencies and its 95% confidence interval, respectively. Figure 6 . Spatial distribution of high-gamma ERBP responses from the ATL, pFG, and STG. Sites that exhibited significant responses during picture naming and voice naming are shown in magenta and cyan, respectively. Open circles represent recording sites included in analysis, but not showing significant high-gamma-band responses. There were no significant heteromodal high-gamma responses from ATL cortex. All three subjects had heteromodal high-gamma response sites on the posterolateral temporal lobe, perhaps representing the classically described Wernicke's area (Miller et al., 2011). recent lesion studies reporting deficits in voice and melody naming (with proper nouns) in patients with left temporopolar damage (Belfi and Tranel, 2014; Waldron et al., 2014) . Other authors, however, have cited neuroanatomical data (Kondo et al., 2003) and BOLD fMRI studies (Skipper et al., 2011) that support a view of completely distinct sensory subregions of the ATL. Our results support the existence of both heteromodal and unimodal cortical responses in the left ATL. As already discussed, our data suggest that the physiologic correlates of voice-naming and picturenaming stimuli in the ATL may not be completely reflected in the BOLD signal. In two of our subjects, we found ventral electrodes that showed preferential responsivity to picture-naming stimuli and lateral electrodes that showed preferential responsivity to voice-naming stimuli. This finding is consistent with the view that the ATL exhibits graded convergence of visual and auditory pathways along its rostral-caudal axis, with maximal fiber convergence at the apex of the ATL (Binney et al., 2012 ). This view is also supported by anatomic MR tractography analyses that show extensive longitudinal, diagonal, and lateral connectivity along the rostral-caudal axis of the temporal lobe (Binney et al., 2012) . Per these ideas, our finding of modality-selective and modalityindependent cortical sites may reflect the relative density of visual and auditory inputs to the left ATL.
Other studies have used intracranial recordings to examine responses of the ATL (Chan et al., 2011; Cervenka et al., 2013) . Cervenka and colleagues reported rare heteromodal response sites in the human ATL by evaluating power in the high-gamma band (Cervenka et al., 2013) . In our study, we did not find heteromodal responses from the ATL in the high-gamma band, despite having greater coverage density in our three subjects. Chan and colleagues reported semantic category-specific responses with depth recordings from the anterior and medial temporal lobe (Chan et al., 2011) . Together with these previous findings, the results of the present study provide important groundwork for further investigation of the ATL by human intracranial recordings.
Our findings are consistent with the idea that the left ATL contains a heteromodal hub that harbors a modality-independent disposition for retrieval of proper names for unique entities, which may be surrounded by regions that are more modality-selective. This pattern of cortical activation may be the result of graded convergence of visual and auditory inputs to the left ATL. This heteromodal hub has been referred to as a convergence region, which is category specific (i.e., proper nouns; Damasio et al., 2004) . Convergence regions such as this are proposed to be third-party intermediaries between conceptual knowledge (i.e., recognition) and word form, and thus contain a dispositional representation for retrieval of either word form or conceptual knowledge. Alternative views of the ATL posit that the left ATL is not selective for unique entities and rather dysfunction of the left ATL (and right ATL in some cases) results in a more generalized anomia (Pobric et al., 2007 (Pobric et al., , 2010b Lambon Ralph, 2014) . In this view, the left ATL-associated naming deficit may occur due to dysfunction of the semantic network and is thus not dissociated from conceptual knowledge retrieval (Lambon Ralph et al., 2001 ). In conclusion, our data provide the first direct physiologic evidence to demonstrate heteromodal activation of the human left ATL to picture and voices in a proper-naming task.
